Metazoan gene regulation often involves the pausing of RNA polymerase II (Pol II) in the promoter-proximal region. Paused Pol II is stabilized by the protein complexes DRB sensitivity-inducing factor (DSIF) and negative elongation factor (NELF). Here we report the cryo-electron microscopy structure of a paused transcription elongation complex containing Sus scrofa Pol II and Homo sapiens DSIF and NELF at 3.2 Å resolution. The structure reveals a tilted DNA-RNA hybrid that impairs binding of the nucleoside triphosphate substrate. NELF binds the polymerase funnel, bridges two mobile polymerase modules, and contacts the trigger loop, thereby restraining Pol II mobility that is required for pause release. NELF prevents binding of the anti-pausing transcription elongation factor IIS (TFIIS). Additionally, NELF possesses two flexible 'tentacles' that can contact DSIF and exiting RNA. These results define the paused state of Pol II and provide the molecular basis for understanding the function of NELF during promoter-proximal gene regulation.
Pol II transcribes eukaryotic protein-coding genes and is controlled at several levels. When Pol II begins to elongate the pre-mRNA chain, its activity is regulated by elongation factors with positive and negative roles 1 . During the elongation of pre-mRNA, Pol II can be blocked 2, 3 or paused in the promoter-proximal region 4, 5 . Paused Pol II is stabilized by two factors: the 5,6-dichloro-1-β-d-ribofuranosylbenzimidazole (DRB) sensitivity-inducing factor (DSIF), composed of subunits SPT4 and SPT5, and the negative elongation factor (NELF), composed of the four subunits NELF-A, -B, -C (or isoform NELF-D that lacks the first nine NELF-C residues) and -E [6] [7] [8] . Paused polymerase is released by the positive transcription elongation factor b (P-TEFb), which contains the kinase CDK9 and the predominant cyclin subunit CYCT1 9, 10 . P-TEFb phosphorylates Pol II, DSIF and NELF [11] [12] [13] . DSIF and its homologues are conserved from bacteria to human, whereas NELF is generally conserved among metazoa 8 . Genes regulated by Pol II pausing often function during the development of an organism or during environmental responses [14] [15] [16] [17] . Pol II pausing is also used by viruses such as the human immunodeficiency virus (HIV)-1 to recruit viral factors such as Tat and to promote transcription elongation through P-TEFb 3, 10 .
The structural basis for RNA chain elongation by Pol II has been well studied 18 , but the factor-dependent mechanisms that regulate Pol II elongation are poorly understood. Our laboratory recently reported the structure of the mammalian Pol II elongation complex (EC) bound to DSIF 19 and others reported a similar structure for yeast 20 . DSIF was observed to form DNA and RNA clamps around the Pol II upstream DNA and the exiting RNA, respectively 19 . We also reported the crystal structure of a dimeric NELF subcomplex comprising the N-terminal region of NELF-A and the middle and C-terminal regions of NELF-C (NELF-A-NELF-C dimer) 21 . Other regions of NELF are structurally uncharacterized, except for the small RNA recognition motif domain of NELF-E 22 . It is not known how NELF binds the Pol II-DSIF EC and how it stabilizes pausing.
Here we provide the cryo-electron microscopy (cryo-EM) structure of a complex in which paused Pol II is bound to DSIF and NELF (termed the paused elongation complex, or PEC) at a nominal resolution of 3.2 Å. The structure was determined on a DNA-RNA scaffold that carries the sequence of a well-characterized promoter-proximal pause site 3, 23 found in the HIV-1 provirus. Our structure indicates that NELF uses several mechanisms to interfere with nucleotide addition and polymerase progression. Complementary biochemical data and comparisons with published results provide the molecular basis for NELF-dependent promoter-proximal pausing.
Structure of the paused elongation complex
We purified endogenous porcine (S. scrofa) Pol II, which is nearly identical to human Pol II (Extended Data Table 1 ), and prepared recombinant human DSIF and NELF by co-expression of their subunits in bacteria and insect cells, respectively (Extended Data Fig. 1a , Methods). We then investigated transcriptional pausing in vitro with the use of a DNA template bearing a pause sequence and a short complementary RNA transcript (hereafter denoted the pause assay scaffold, Extended Data Fig. 1b, Methods) . The sequence is well-studied in the bacterial transcription system and is known to cause pausing of mammalian Pol II 24 . ECs were assembled with the RNA 3′-end two nucleotides upstream of the consensus pause site. We found that Pol II briefly paused at the consensus pause site (+2 position) in the absence of factors, as observed previously 24 (Fig. 1a, Extended Data Fig. 1e ). Incubation with DSIF slightly suppressed pausing, whereas NELF alone had no effect on pausing or RNA elongation. By contrast, addition of both DSIF and NELF resulted in strong pausing at the +2 position and impeded further RNA extension ( Fig. 1b, Extended Data Fig. 1e ). These results show that our recombinant factors can stabilize Pol II in the paused state.
To determine the cryo-EM structure of the PEC, it was assembled using a DNA-RNA scaffold that mimics the nucleic acid arrangement during human Pol II pausing on a strong HIV-1 promoter-proximal pause site 23 (hereafter denoted the HIV-1 pause scaffold, Extended Data Fig. 1c ). This scaffold includes a hairpin in the exiting RNA known as the transactivation response element (TAR) 3 . A similar scaffold with a nearly identical template sequence recapitulates the effects of DSIF and NELF on Pol II pausing (hereafter denoted the HIV-1 transcription scaffold, Extended Data Fig. 2 ). The PEC was assembled from pure components, isolated by size-exclusion chromatography, and gently cross-linked with glutaraldehyde ( Fig. 1c , Extended Data Fig. 1d ).
NELF adopts a three-lobed structure
NELF forms a three-lobed structure that binds to Pol II on the face opposite the cleft (Figs. 2, 4). One lobe is formed by the NELF-A-NELF-C dimer (hereafter the NELF-A-NELF-C lobe), which adopts a more open conformation relative to the free structure (Extended Data Fig. 7b ). A second lobe (the NELF-B-NELF-C lobe) is formed by the N-terminal regions of NELF-B (α1-α6) and NELF-C (αN1-αN9). This lobe comprises two pairs of helices formed by NELF-C (αΝ4-αΝ5) and NELF-B (α3-α4) that resemble open pairs of scissors ( Fig. 4 ) and a four-helix bundle encompassing NELF-C αN2-αN3 and NELF-B α1-α2. A third lobe (the NELF-B-NELF-E lobe) is formed by the NELF-B 'staircase' and HEAT (huntingtin, elongation factor 3, protein phosphatase 2A and TOR1) domains and by NELF-E helix α1, which lies between these NELF-B domains. The NELF-B staircase shares modest structural similarity with yeast exportin 1 (residues 388-638), and the NELF-B HEAT domain comprises four canonical HEAT repeats (see Methods).
The three lobes of NELF are well conserved 21 (Supplementary  Tables 4, 5) from Dictyostelium discoideum to human, which suggests that our structure is a good model for all NELF homologues. Most of NELF-B is nearly identical among vertebrates, whereas the HEAT domain shows some sequence divergence. The mobile C-terminal regions of NELF-A and NELF-E are less conserved 21 (Supplementary  Tables 4, 5 ). Taken together, these results show that four NELF subunits interact extensively to form a compact three-lobed structure, which is predicted to be highly stable and conserved.
NELF restrains Pol II mobility
The NELF-A-NELF-C lobe docks on the rim of the Pol II funnel that leads to the pore and the active site 29 (Figs. 2, 5) . The funnel and pore together are known as the 'secondary channel' in bacterial polymerase 30 and are suggested to provide an entry route for NTP substrates. On the rim of the funnel, NELF-A contacts RPB8, and NELF-C interacts with the RPB1 funnel helices (α20, α21) and the RPB1 cleft domain (α38) near the foot (Extended Data Fig. 8a, b ). The NELF-Pol II interface is highly charged (Extended Data Table 3 ). The NELF-interacting polymerase regions reside in two different mobile modules of Pol II 29 . RPB8 and the RPB1 funnel domain reside in the core module, whereas the RPB1 cleft and foot domains reside in the shelf module. NELF binding 
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to the funnel does not change the positions of the core and shelf modules compared to the Pol II-DSIF EC structure 19 . NELF binding, however, is predicted to restrain the relative movement of these polymerase modules, which occurs during Pol II reactivation from an arrested state 25, 31 (Extended Data Fig. 9a ).
The NELF-A-NELF-C lobe additionally contacts the open Pol II trigger loop ( Fig. 5a ). In particular, a loop connecting NELF-C helices α17 and α18 lies in close proximity to the tip of the open trigger loop (Extended Data Figs. 5b, 8c). The trigger loop is a highly conserved element of the polymerase active site that generally adopts an open, mobile conformation, but folds and closes over the incoming NTP for catalytic RNA chain extension 32, 33 . Although the observed contact is not extensive, it could impair trigger loop closure and catalysis.
The NELF-B-NELF-C lobe does not associate with Pol II, whereas the NELF-B-NELF-E lobe forms a few contacts. The NELF-B staircase domain contacts Pol II subunits RPB5 and RPB6. NELF-B helix α13 interacts with a negatively charged loop in the RPB5 jaw domain (loop β1-β2). NELF-B helices α23-α26 in the HEAT domain reside near the RPB6 N-terminal region. The NELF-E helix α1 lies adjacent to the base of the outer Pol II clamp. Generally, Pol II regions contacted by NELF do not appear to be conserved in Pol I and Pol III, which indicates that NELF function is specific to Pol II (Extended Data Fig. 8d ). Taken together, these results show that NELF interacts with Pol II via two of its three lobes. The NELF-A-NELF-C lobe specifically forms contacts with the Pol II funnel and trigger loop that restrain Pol II mobility, and is likely to stabilize the tilted conformation of the hybrid and therefore the paused state.
Two NELF 'tentacles' reach DSIF and RNA
Two mobile regions extend from the NELF body and contact DSIF ( Fig. 6 ), potentially explaining why NELF function requires DSIF 7, 8 . We refer to these two extensions as 'tentacles': the NELF-A tentacle (residues 189-528) and the NELF-E tentacle (residues 139-363). Weak density (not shown) and crosslinking data indicate that the NELF-A tentacle extends from the NELF-A-NELF-C lobe along the RPB2 protrusion to reach the DSIF DNA clamp, in particular SPT4 and the SPT5 NGN domain ( Fig. 6a , Extended Data Fig. 7c ). The NELF-A tentacle is important for Pol II binding 8 and overlaps with a region of TFIIF that binds this surface of Pol II 34 . Additionally, crosslinking data suggest that the NELF-E tentacle extends from helix α1 across the DSIF KOW2-KOW3 and KOWx-KOW4 domains towards exiting RNA ( Fig. 6b , Extended Data Fig. 7d ).
To test whether the NELF tentacles are involved in pause stabilization, we prepared truncated NELF variants and performed RNA extension assays on the pause assay scaffold and the HIV-1 transcription scaffold (see Methods). A variant lacking the NELF-A tentacle could not stabilize the pause, whereas a variant lacking the NELF-E tentacle was functional ( Fig. 6c , Extended Data Figs. 1f, 2d , e). This shows that the NELF-A tentacle is required for NELF function in pause stabilization, consistent with published data 8 , whereas the NELF-E tentacle is not. 
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The NELF-E tentacle encompasses the RNA recognition motif domain, which is not required for Pol II association 35 but can bind RNA hairpins 36 . RNA hairpin structures are enriched at strong pause sites 37 , but RNA binding by NELF is not required for pausing 38 . Therefore, the NELF-E tentacle is not required for pausing but may bind nascent RNA to help to recruit NELF to pause sites.
NELF impairs TFIIS binding
Transcriptional pausing involves polymerase stalling but can additionally involve the backtracking of polymerase on DNA and RNA 39 . Rescue of backtracked Pol II requires TFIIS, which stimulates cleavage of the nascent RNA 3′-end 40 . Regions of the genome that are prone to backtracking are also susceptible to promoter-proximal pausing and require TFIIS for pause release 41, 42 . As DSIF and NELF were reported to inhibit TFIIS-stimulated RNA cleavage 43 , we compared our PEC structure with previous Pol II-TFIIS structures 31, 44 . Superposition shows that the location of the NELF-A-NELF-C lobe is incompatible with TFIIS binding to the Pol II funnel (Fig. 5b ). In particular, NELF is predicted to impair entry of the TFIIS interdomain linker between the polymerase core and shelf modules. We therefore tested whether TFIIS could bind the PEC in vitro. TFIIS was unable to form a complex with the PEC, although TFIIS readily bound the Pol II-DSIF EC (Extended Data Fig. 9b, c) . These data show that binding of NELF and TFIIS to the funnel is mutually exclusive and suggest that NELF impairs TFIISmediated reactivation of Pol II.
Discussion
Here we formed a paused Pol II-DSIF-NELF elongation complex and resolved its structure. The PEC structure contains a tilted DNA-RNA hybrid that is incompatible with binding of the NTP substrate. It also revealed that NELF comprises three structured lobes and two flexible tentacles that approach DSIF and exiting RNA. Our results suggest five possible mechanisms that NELF may use to stabilize pausing in an allosteric manner; that is, without reaching the Pol II active site. First, binding of NELF along the Pol II funnel restricts movements of the two major polymerase modules, core and shelf, which may stabilize the tilted state of the hybrid. Second, NELF restricts the funnel and may therefore interfere with NTP diffusion into the funnel and reduce substrate delivery to the active site. Third, NELF contacts the open trigger loop, which may hinder its closure and nucleotide addition. Fourth, NELF interferes with TFIIS binding, therefore impeding reactivation of Pol II by TFIIS, which involves movement of the shelf module with respect to the core module 25, 31 . Finally, NELF could sterically or allosterically block binding of other positive elongation factors.
Together with published results, our data suggest that the nature of the paused state is likely to be the same for all multi-subunit cellular RNA polymerases. Nucleic acid sequences that can lead to pausing are conserved from bacteria to human 45, 46 , and a bacterial pause sequence can induce pausing of mammalian Pol II 24 . It was recently reported that paused bacterial polymerase complexes contain a tilted DNA-RNA hybrid 27, 28 , as shown here for the mammalian PEC structure. These observations suggest that the paused state is conserved. Pausing by bacterial and eukaryotic polymerases is, however, differentially influenced by flanking DNA sequences 45, 47, 48 . Some DNA sequences give rise to hairpins in nascent RNA that can be bound directly by bacterial RNA polymerase within the RNA exit tunnel 27, 28 . By contrast, RNA hairpin binding by the Pol II exit tunnel is probably prevented by DSIF 19 . An RNA hairpin may however form on the Pol II surface near the RPB4-RPB7 stalk, where it could be bound by the NELF-E tentacle.
Promoter-proximal pausing follows transcription initiation ( Fig. 1d ). Our results show that NELF can stabilize pausing only after initiation factors have been released. Modelling shows that the binding locations NELF-E tentacle, is required for pause stabilization. RNA extension assays were performed as in Fig. 1 . All experiments were performed at least three times. Quantification of gels can be found in Extended Data Fig. 1f . RRM, RNA recognition motif.
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MEthodS
No statistical methods were used to predetermine sample size. The experiments were not randomized, and the investigators were not blinded to allocation during experiments and outcome assessment. Cloning and protein expression. DSIF was expressed in bacteria as described 19 . Escherichia coli expressing DSIF were collected by centrifugation, resuspended in Lysis 500 buffer (500 mM NaCl, 50 mM Na-HEPES pH 7.4, 10% (v/v) glycerol, 50 mM imidazole pH 8.0, 1 mM dithiothreitol (DTT), 0.284 µg ml −1 leupeptin, 1.37 µg ml −1 pepstatin A, 0.17 mg ml −1 PMSF, and 0.33 mg ml −1 benzamidine), flash-frozen in liquid nitrogen, and stored at −80 °C until purification.
NELF was cloned and expressed as previously described 21 . The construct contains NELF-D, which is identical to NELF-C but lacks the first nine amino acid residues. For simplicity, NELF-C numbering is used throughout the manuscript, unless otherwise stated. The NELF tentacle variants (NELF-A 1-188 and NELF-E 1-138) were cloned by round-the-horn site-directed mutagenesis and incorporated into a single bacculovirus expression vector containing the remaining three subunits by ligation independent cloning 51 . Sf9 (ThermoFisher), Sf21 (Expression Systems), and Hi5 (Expression Systems) cell lines were not tested for mycoplasma contamination and were not authenticated in-house. Hi5 cells expressing NELF were collected by centrifugation, resuspended in Lysis buffer (300 mM NaCl, 20 mM Na-HEPES pH 7.4, 10% (v/v) glycerol, 30 mM imidazole pH 8.0, 1 mM DTT, 0.284 µg ml −1 leupeptin, 1.37 µg ml −1 pepstatin A, 0.17 mg ml −1 PMSF, and 0.33 mg ml −1 benzamidine), flash-frozen in liquid nitrogen, and stored at -80 °C until purification.
Human TFIIS was produced as a codon-optimized gBlock for E. coli expression (Integrated DNA Technologies). The gBlock was cloned into a modified pET28b vector bearing an N-terminal His6-MBP tag followed by a tobacco etch virus (TEV) protease cleavage site (1C vector, Addgene 29654). Two mutations were introduced by round-the-horn site-directed mutagenesis to prevent stimulation of RNA cleavage by Pol II (D282A/E283A). TFIIS was overexpressed in E. coli BL21 (DE3) RIL cells (Merck) grown in LB medium. Cells were grown at 37 °C until reaching an optical density at 600 nm (OD 600 ) of around 0.6. The temperature was decreased to 18 °C and protein expression was induced by adding 0.5 mM β-d-1-thiogalactopyranoside. Cells were grown for an additional 16 h at 18 °C and were collected by centrifugation, resuspended in A800 (800 mM NaCl, 20 mM Tris-HCl pH 7.9, 10% (v/v) glycerol, 30 mM imidazole pH 8.0, 1 mM DTT, 0.284 µg ml −1 leupeptin, 1.37 µg ml −1 pepstatin A, 0.17 mg ml −1 PMSF and 0.33 mg ml −1 benzamidine), flash-frozen in liquid nitrogen, and stored at −80 °C. Protein purification. All protein purification steps were performed at 4 °C unless otherwise stated. Pol II was isolated from S. scrofa thymus (obtained from E. Wolf, Ludwig Maximilian University of Munich) essentially as described 52 . A final size-exclusion step was performed using a Sephacryl S-300 16/60 column (GE Healthcare Life Sciences) equilibrated in 150 mM NaCl, 10 mM Na-HEPES pH 7.25, 10 µM ZnCl 2 , and 10 mM DTT. Peak fractions containing Pol II were concentrated in 100 kDa molecular weight cutoff (MWCO) Amicon Ultra Centrifugal Filters (Merck), aliquoted, flash-frozen in liquid nitrogen, and stored at −80 °C. The typical yield of Pol II from 1 kg of pig thymus was 5-7 mg.
DSIF was purified from 6-8 l of E. coli. Cell pellets were lysed by sonication, and cleared by centrifugation. The clarified lysate was filtered through a 0.8-µm syringe filter and applied to a 5-ml HisTrap HP column (GE Healthcare Life Sciences) equilibrated in Lysis 500 buffer. The column was washed with 10 column volumes of Lysis 500 buffer, followed by 3 column volumes of High Salt buffer (1,000 mM NaCl, 50 mM Na-HEPES pH 7.4, 10% (v/v) glycerol, 50 mM imidazole pH 8.0, and 1 mM DTT, 0.284 µg ml −1 leupeptin, 1.37 µg ml −1 pepstatin A, 0.17 mg ml −1 PMSF, and 0.33 mg ml −1 benzamidine). The column was washed with 3 column volumes of Lysis 500 buffer and the protein was eluted over a gradient with a buffer containing 500 mM NaCl, 50 mM Na-HEPES pH 7.4, 500 mM imidazole pH 8.0, 10% (v/v) glycerol, and 1 mM DTT, 0.284 µg ml −1 leupeptin, 1.37 µg ml −1 pepstatin A, 0.17 mg ml −1 PMSF, and 0.33 mg ml −1 benzamidine. Peak fractions containing DSIF were pooled, mixed with 3C protease and dialysed overnight in 7 kDa MWCO SnakeSkin dialysis tubing (Thermo Scientific) against Q buffer (300 mM NaCl, 50 mM Na-HEPES pH 7.4, 10% (v/v) glycerol, 30 mM imidazole pH 8.0, and 1 mM DTT). The protein was applied to a tandem HisTrap (5 ml)/HiTrap Q (5 ml) column (GE Healthcare Life Sciences) equilibrated in Q buffer to remove the 3C protease, the His tag, uncleaved protein, and protein lacking the acidic N-terminal region of SPT5. The tandem column was then washed with 5 column volumes of Q buffer after which the HisTrap column was removed. The HiTrap Q column was developed over a gradient with High Salt buffer. Peak fractions were pooled and protein purity was assessed by SDS-PAGE and Coomassie staining. Pure DSIF was concentrated with 50 kDa MWCO Amicon Ultra Centrifugal Filters (Merck) and applied to a HiLoad S200 16/600 pg column equilibrated in 500 mM NaCl, 20 mM Na-HEPES pH 7.4, 10% (v/v) glycerol, and 1 mM DTT. Protein purity was assessed by SDS-PAGE and Coomassie staining. Pure fractions with full-length SPT5 were concentrated with 50 kDa MWCO Amicon Ultra Centrifugal Filters (Merck).
Protein concentration was determined by measuring absorption at 280 nm and using the predicted extinction coefficient for the complex. Protein was aliquoted, flash-frozen, and stored at −80 °C. NELF was purified as previously described 21 .
TFIIS was purified from 6 l of E. coli BL21 (DE3) RIL cells. Cell pellets were lysed by sonication and cleared by centrifugation. Clarified lysates were applied to 5 ml HisTrap columns equilibrated in A800. The column was washed with A800 and A400 (400 mM NaCl, 20 mM Tris-HCl pH 7.9, 10% (v/v) glycerol, 30 mM imidazole pH 8.0, 1 mM DTT, 0.284 µg ml −1 leupeptin, 1.37 µg ml −1 pepstatin A, 0.17 mg ml −1 PMSF, and 0.33 mg ml −1 benzamidine) until no additional absorbance was detected at 280 nm. The protein was eluted from the nickel column by a gradient over 6 columns with buffer B400 (A400 with 500 mM imidazole pH 8.0). Peak fractions were assessed by SDS-PAGE followed by Coomassie staining. Fractions corresponding to TFIIS were pooled and mixed with TEV protease, and dialysed overnight against buffer A400 in SnakeSkin dialysis tubing (7 kDa MWCO). The protein was removed from dialysis and applied to a 5 ml HisTrap column equilibrated in A400 to remove TEV protease, uncleaved protein, and the His6-MBP tag. The flow through was collected, concentrated in a 10-kDa MWCO Amicon Ultra Centrifugal Filter (Merck), and applied to a HiLoad S75 16/1600 pg column equilibrated in 400 mM NaCl, 20 mM Tris-HCl pH 7.9, 10% (v/v) glycerol, and 1 mM DTT. Protein purity was assessed by SDS-PAGE followed by Coomassie staining. Peak fractions were concentrated in 10 kDa MWCO Amicon Ultra Centrifugal Filter (Merck). The protein was stored in buffer containing 400 mM NaCl, 20 mM Tris-HCl pH 7.9, 30% (v/v) glycerol, and 1 mM DTT. The protein was aliquoted, flash-frozen in liquid nitrogen, and stored at −80 °C. RNA extension assays. All oligos were purchased from Integrated DNA Technologies, resuspended in water (100 µM), flash-frozen in liquid nitrogen, and stored at −80 °C. Transcription assays were performed with perfectly complementary scaffolds. A previously described pausing sequence 24 , the 'pause assay scaffold' with the following sequence was used for experiments in Figs. 1 and 6 : template DNA 5′-Biotin-TTT TTC CAC TGG AAG ATC TGA ATT TAC GGG CGC AAC TAT GCC GGA CGT ACT GAC C-3′, non-template DNA 5′-GGT CAG TAC GTC CGG CAT AGT TGC GCC CGT AAA TTC AGA TCT TCC AGT GG-3′, RNA 5′-6-FAM-UUU UUU GGC AUA GUU-3′. The scaffold contains 13 nucleotides of upstream DNA, 28 nucleotides of downstream DNA, a 9-base-pair DNA-RNA hybrid, and 6 nucleotides of exiting RNA bearing a 5′-6 FAM label (Extended Data Fig. 1 ). RNA and template DNA were mixed in equimolar ratios and were annealed by incubating the nucleic acids at 95 °C for 5 min and then decreasing the temperature by 1 °C min −1 steps to a final temperature of 30 °C in a thermocycler in a buffer containing 100 mM NaCl, 20 mM Na-HEPES pH 7.4, 3 mM MgCl 2 , and 10% (v/v) glycerol. All concentrations refer to the final concentrations used in the assay. S. scrofa Pol II (75 nM) and the RNA-DNA template hybrid (50 nM) were incubated for 10 min at 30 °C, shaking at 300 rpm. The non-template DNA (50 nM) was added and the reactions were incubated for another 10 min. The reactions were then diluted to achieve final assay conditions of 100 mM NaCl, 20 mM Na-HEPES pH 7.4, 3 mM MgCl 2 , 4% (v/v) glycerol, and 1 mM DTT and were again incubated for 10 min. Factors were diluted in protein dilution buffer (150 mM NaCl, 20 mM Na-HEPES pH 7.4, 10% (v/v) glycerol and 1 mM DTT) and added to Pol II ECs at a concentration of 237 nM. Transcription reactions were initiated by adding GTP and CTP (10 µM) to permit elongation to position +7. Reactions (10 µl) were quenched after 0-10 min in 10 µl 2x Stop buffer (6.4 M urea, 50 mM EDTA pH 8.0, 1x TBE buffer). Samples were treated with 4 µg of proteinase K for 30 min at 30 °C (New England Biolabs) and were separated by denaturing gel electrophoresis (8 µl of sample applied to an 8 M urea, 1x TBE, 20% Bis-Tris acrylamide 19:1 gel run in 0.5x TBE buffer at 300V for 90 min). Products were visualized using the 6-FAM label and a Typhoon 9500 FLA Imager (GE Healthcare Life Sciences).
RNA extension experiments performed on the HIV-1 transcription scaffold (Extended Data Fig. 2a ) were essentially performed as above with minor modifications. ECs were assembled on nucleic acid scaffolds bearing the following sequences: template DNA 5′-Biotin-TTT TCG GGC ACA CAC TAC GTC GAC GCA AGC TTT ATT GAG GCT TAA GCA GTG GGT TCC CTA GTT AAA GGT ACT AGT GTA C-3′, non-template DNA 5′-GTA CAC TAG TAC CTT TAA CTA GGG AAC CCA CTG CTT AAG CCT CAA TAA AGC TTG CGT CGA CGT AGT GTG TGC CCG-3′, RNA 5′-6-FAM-ACC AGA UCU GAG CCU GGG AGC UCU CUG GCU AAC UAG GG -3′. The scaffold contains 15 base pairs of upstream DNA, 51 base pairs of downstream DNA, a 9-base-pair RNA-DNA hybrid, and 29 bases of exiting RNA including the TAR element. DSIF and NELF variants were added at a final concentration of 300 nM. NTPs (ATP, UTP, CTP and GTP) were added at a final concentration of 0.5 mM. RNA products were separated by denaturing gel electrophoresis (8 µl of sample applied to an 8 M urea, 1x TBE, 15% Bis-Tris acrylamide 19:1 gel run in 0.5x TBE buffer at 300 V for 60 min).
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Gel images were quantified using ImageJ version 1.48v 53 . The integrated density of the elongated product was measured using a box size of 0.35 × 0.15 cm. All integrated density values were normalized by subtracting the background integrated density from each elongated product. Graphs were prepared in GraphPad Prism version 6. Each bar or point represents the mean intensity from three individual replicates. Error bars reflect the standard deviation between the replicates. Source data for all gel quantification can be found in Supplementary Table 6 .
We observe extension from a fraction of the input RNA molecules. We attribute this to inefficient EC assembly on the perfectly complementary scaffolds. It was previously shown that only 10-50% of yeast Pol II molecules successfully assemble on perfectly complementary scaffolds [54] [55] [56] owing to non-template DNA displacement of the RNA primer 56 . Others have resolved the problem of displaced RNA primer by incorporating radioactive NTPs or by immobilizing non-template DNA containing complexes on beads. We chose to perform RNA extension experiments in bulk with a fluorescently labelled RNA to maintain consistent Pol II concentrations across experiments and reproducibility in time-course experiments. Sample preparation for cryo-EM. ECs were formed on a bubble scaffold with the following nucleic acid sequence: template DNA 5′-GGC AAG CTT TAT TGA GGC TTA AGC AGT GGG TTC CAG GTA CTA GTG TAC-3′, non-template DNA 5′-GTA CAC TAG TAC CTA CTC GAG TGA GCT TAA GCC TCA ATA AAG CTT GCC -3′, and RNA 5′ 6-FAM-ACC AGA UCU GAG CCU GGG AGC UCU CUG GCU AAC UAG GGA ACC CAC U-3′. The scaffold contains 10 bp RNA-DNA hybrid, 36 nucleotides of exiting RNA, 10-nuclotide bubble, 14 nucleotides upstream DNA and 24 nucleotides of downstream DNA. Pol II ECs were formed as described for the transcription assays (112 pmol final Pol II, 168 pmol RNA-DNA template, 300 pmol non-template DNA). DSIF and NELF were added in a fourfold molar excess relative to Pol II in a final buffer containing 100 mM NaCl, 20 mM Na-HEPES pH 7.4, 3 mM MgCl 2 , 1 mM DTT, and 4% (v/v) glycerol. The sample was incubated for 30 min at 30 °C and applied to a Superose 6 increase 3.2/300 column equilibrated in complex buffer at 4 °C (100 mM NaCl, 20 mM Na-HEPES pH 7.4, 4% (v/v) glycerol, 3 mM MgCl 2 , and 1 mM DTT). Peak fractions were analysed by SDS-PAGE followed by Coomassie staining.
The peak fraction corresponding to the complex was crosslinked with 0.1% (v/v) glutaraldehyde for 10 min on ice and quenched with 8 mM aspartate and 2 mM lysine. The crosslinked sample was dialysed against a buffer containing 100 mM NaCl, 20 mM Na-HEPES pH 7.4, 20 mM Tris-HCl pH 7.5, 1 mM DTT, and 3 mM MgCl 2 , in 20 kDa MWCO Slide-A-Lyzer MINI Dialysis Units for 6 h at 4 °C. Dialysed sample at a final concentration of 170-200 nM was applied to R2/2 gold grids (Quantifoil). The grids were glow-discharged for 45 s before applying 2 µl of sample to each side of the grid (4 µl total). After incubation for 10 s and blotting for 8.5 s, the grid was vitrified by plunging it into liquid ethane with a Vitrobot Mark IV (FEI Company) operated at 4 °C and 100% humidity. Cryo-EM data collection and data processing. Cryo-EM data of the PEC were collected on a FEI Titan Krios II transmission electron microscope operated at 300 keV. A K2 summit direct detector (Gatan) with a GIF quantum energy filter (Gatan) was operated with a slit width of 20 eV. Automated data acquisition was performed with FEI EPU software at a nominal magnification of 165,000×, corresponding to a pixel size of 0.81 Å per pixel. Image stacks of 36 frames were collected over 9 s in counting mode. The dose rate was 5.1 e − per Å 2 per s for a total dose of 45.9 e − per Å 2 . A total of 11,740 image stacks were collected.
Frames were stacked, contrast-transfer-function corrected, and doseweighted using Warp 57 . The data were binned to a pixel size of 1.2277 Å per pixel. Image processing was performed with RELION 2.1 58, 59 . Particles were auto-picked using 20-Å low-pass filtered projections of an initial reconstruction yielding 2,347,915 particle images. Particles were extracted using a box size of 256 2 pixels, and normalized. The dataset was segmented in three batches. Each batch was subsequently screened using iterative rounds of reference-free 2D classification. A cryo-EM reconstruction of the EC-DSIF complex (EMDB: 3819) 19 was low-pass-filtered to 50 Å, used for 3D refinement and hierarchical 3D-classification with image alignment. We obtained an EC-DSIF bound class which contained 479,365 particles and resulted in a reconstruction at 2.9 Å resolution indicating the high quality of the raw data (Extended Data Figs. 3, 4) . The best-resolved NELF-bound classes from each batch were selected and combined resulting in 162,269 particles. The combined particles were subjected to 3D refinement using a 30 Å low-pass-filtered map from a previous 3D-refinement resulting in a reconstruction with a resolution of 3.2 Å (map 1). Some domains were not well resolved in the reconstruction, so 3D classifications without image alignment were performed around the regions of interest by applying soft masks. Masks were generated in Chimera 60 and RELION 2.1 around the NELF-A-NELF-C dimer (map 2, 3.4 Å), NELF-B (map 3, 3.4 Å), upstream DNA, NGN and KOW1 (map 4, 3.9 Å) subunits/domains, and the stalk and KOW2-3 (map 5, 3.3 Å). Particles containing the desired densities were subjected to global 3D refinement. To further improve densities, a masked refinement was used for NELF-B. The masked refinement was performed by using final alignments from previous global refinements with local searches and by applying soft masks to the region of interest. The masked refinement performed on NELF-ABC resulted in a resolution of 3.9 Å with an applied B-factor of −160.984 Å 2 . Post-processing of refined models was performed using automatic B-factor determination in RELION and reported resolutions are based on the gold-standard Fourier shell correlation 0.143 criterion 61 (applied B-factors (Å 2 ): map 1: −65, map 2: −65, map 3: −103, map 4: −71, map 5: −68). Local resolution estimates were determined using the built-in local resolution estimation tool of RELION using the previously estimated B-factors 62 . Model building. The structure of the PEC was built by first placing the structure of RNA polymerase II from the activated elongation complex 50 (EC*) manually into the density. Adjustments were made to the protein sequence, DNA sequence, and positioning of the upstream DNA in Coot 63 . The human RPB4-7 crystal structure (PDB ID: 2C35) 64 was placed into map 5 using Chimera.
Human DSIF from a previously solved cryo-EM structure (PDB ID: 5OIK) 19 was subdivided into five regions for modelling, corresponding to the SPT5 NGN and SPT4, KOW1, KOW2-KOW3, KOWx-KOW4 and KOW5. KOW5 was placed into the globally refined map 1. SPT4, NGN domain and KOW1 domain were placed in map 4 by rigid-body fitting in Chimera. The KOW2-KOW3 and KOWx-KOW4 were placed in map 5 by rigid-body fitting in Chimera.
Densities corresponding to each NELF subunit were observed. To generate a model for the NELF complex, the known crystal structure of the NELF-A-NELF-C dimer (PDB ID: 5L3X) 21 was flexibly fit into the globally refined density of map 1 using VMD and MDFF 65 . The model was manually adjusted in Coot. The N-terminal part of NELF-C (51-185) was built de novo in Coot in the globally refined map 1 using secondary structure prediction and the well-resolved helical densities that allowed placement of helices into the density.
A model for NELF-B was generated using de novo and homology modelling. Secondary structure predictions from SABLE 66 and PSIPRED 67 were used to assist de novo modelling. Clear helical densities are observed for all helices predicted by SABLE and PSIPRED. Alpha helices were generated using Coot and manually fitted into the density. Linkers between the helices were modelled where clear density was visible. A Robetta model of NELF-B (residues 438-548) was fit into map 3 68 . Crosslinking restraints and densities from bulky residues such as Arg and Tyr were used as additional sequence markers for NELF-B and the N terminus of NELF-C. The staircase domain (NELF-B 153-365) shares modest structural homology with yeast exportin-1 alpha (r.m.s.d. 13 .95 Å, PDB: 4HAX, Chain C, residues 388-638) 69, 70 . NELF-B 408-548 is composed of 4 HEAT repeats 69, 71 .
NELF-E is the least well resolved subunit in our structure. We observe an additional helix immediately adjacent to the HEAT domain of NELF-B that cannot be assigned to NELF-B. Crosslinking data and secondary structure predictions assigned this helix to NELF-E residues 10-34. This assignment is consistent with biochemical experiments 8 .
The model was manually adjusted in Coot 63 and refined with phenix.real_ space_refine against a sharpened version of Map 3. The final model has 94.10% of residues in most-favoured regions of the Ramachandran plot according to Molprobity 72 . The structure has a Molprobity score of 1.79. Figures were generated in PyMOL (Schrödinger LLC, version 1.8.6.0) and UCSF Chimera (version 1.10.2). Analytical gel filtration. Pol II ECs were formed on the same scaffold as was used for cryo-EM (25 pmol final Pol II, 50 pmol RNA-DNA template, 100 pmol NT DNA). DSIF and NELF were added in a 3-molar excess relative to Pol II, whereas TFIIS was added in a 11-molar excess in a final buffer containing 100 mM NaCl, 20 mM Na-HEPES pH 7.4, 3 mM MgCl 2 , 1 mM DTT, and 4% (v/v) glycerol. Reactions were incubated for 30 min at 30 °C. Samples were applied to a Superose 6 increase 3.2/300 column equilibrated in complex buffer (100 mM NaCl, 20 mM Na-HEPES pH 7.4, 4% (v/v) glycerol, 3 mM MgCl 2 , and 1 mM DTT). Peak fractions were analysed by SDS-PAGE followed by Coomassie staining. Sample preparation for crosslinking mass spectrometry. Samples for crosslinking mass spectrometry were performed essentially in the same way as those for cryo-EM. A nucleic acid scaffold that differs by two nucleotide bases from the scaffold used for cryo-EM was used (template DNA 5′-GGC AAG CTT TAT TGA GGC TTA AGC AGT GGG TTC AAG GTA CTA GTG TAC-3′, non-template DNA 5′-GTA CAC TAG TAC CTA CTC GAG TGA CCT TAA GCC TCA ATA AAG CTT GCC-3′, RNA sequence is identical). Fractions containing the PEC were pooled and mixed with 2 mM of bis(sulfosuccinimidyl)suberate (BS3) dissolved in complex buffer (No Weigh Format, ThermoFisher Scientific). The protein was incubated for 30 min at 30 °C. The crosslinking reaction was quenched by adding 100 mM Tris-HCl pH 7.5 and 20 mM ammonium bicarbonate (final concentrations). The quenching reaction was incubated for 15 min at 30 °C. The protein was precipitated with 300 mM sodium acetate pH 5.2 and 4 volumes of acetone and incubated overnight at −20 °C, pelleted by centrifugation, briefly dried, and resuspended in 4 M urea and 50 mM ammonium bicarbonate. Crosslinking mass spectrometry. Crosslinked proteins were reduced with 10 mM DTT for one hour at room temperature. Alkylation was performed by adding iodoacetamide to a final concentration of 40 mM, incubated for 30 min in the dark at room temperature. After dilution to 1 M urea with 50 mM ammonium bicarbonate (pH 8.0), the crosslinked protein complex was digested with trypsin in a 1:50 enzyme-to-protein ratio at 37 °C overnight. Peptides were acidified with trifluoroacetic acid (TFA) to a final concentration of 0.5% (v/v), desalted on MicroSpin columns (Harvard Apparatus) following the manufacturer's instructions and vacuum-dried. Dried peptides were dissolved in 50 µl 30% acetonitrile/0.1% TFA and peptide size-exclusion (pSEC, Superdex Peptide 3.2/300 column on an ÄKTAmicro system, GE Healthcare) was performed to enrich for crosslinked peptides at a flow rate of 50 µl min −1 . Fractions of 50 µl were collected. Fractions containing the crosslinked peptides (1-1.7 ml) were vacuum-dried and dissolved in 2% acetonitrile/0.05% TFA (v/v) for analysis by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS).
Crosslinked peptides derived from pSEC were analysed as technical duplicates on an Orbitrap Fusion and Orbitrap Fusion Lumos Tribrid Mass Spectrometer (Thermo Scientific), respectively, coupled to a Dionex UltiMate 3000 UHPLC system (Thermo Scientific) equipped with an in house-packed C 18 column (ReproSil-Pur 120 C18-AQ, 1.9 µm pore size, 75 µm inner diameter, 30 cm length, Dr. Maisch GmbH). Samples were separated applying the following 58-min gradient: mobile phase A consisted of 0.1% formic acid (v/v), mobile phase B consisted of 80% acetonitrile/0.08% formic acid (v/v). The gradient started at 5% B, increasing to 8% B on Fusion and 15% on Fusion Lumos, respectively, within 3 min, followed by 8-42% B and 15-46% B within 43 min accordingly, then keeping B constant at 90% for 6 min. After each gradient the column was again equilibrated to 5% B for 6 min. The flow rate was set to 300 nl min −1 . MS1 spectra were acquired with a resolution of 120,000 in the Orbitrap covering a mass range of 380-1,580 m/z. The injection time was set to 60 ms and the automatic gain control target to 5 × 10 5 . Dynamic exclusion covered 10 s. Only precursors with a charge state of 3-8 were included. MS2 spectra were recorded with a resolution of 30,000 in the Orbitrap, injection time was set to 128 ms, automatic gain control target to 5 × 10 4 and the isolation window to 1.6 m/z. Fragmentation was enforced by higher-energy collisional dissociation at 30%.
Raw files were converted to mgf format using ProteomeDiscoverer 1.4 (Thermo Scientific, signal-to-noise ratio 1.5, 1,000-10,000 Da precursor mass). For identification of crosslinked peptides, files were analysed by pLink (v. 1.23, pFind group 73 using BS3 as crosslinker and trypsin as digestion enzyme with maximal two missed cleavage sites. Carbamidomethylation of cysteines was set as a fixed modification, oxidation of methionines as a variable modification. Searches were conducted in combinatorial mode with a precursor mass tolerance of 5 Da and a fragment ion mass tolerance of 20 p.p.m. The used database contained all proteins within the complex. The false discovery rate was set to 0.01. Results were filtered by applying a precursor mass accuracy of ±10 p.p.m. Spectra of both technical duplicates were combined. Crosslinking figures were made with XiNet 74 and the Xlink Analyzer plugin in Chimera 60, 75 . Distances between structured regions were calculated with Xlink Analyzer with a cutoff score of 5.
A total of 874 unique crosslinks were obtained of which 354 could be mapped onto our structure. 261 are located within the 30 Å distance permitted by BS3 whereas the remaining 93 crosslinks primarily lie in flexible regions of NELF. The NELF crosslinks are highly similar to those obtained with the isolated NELF complex 21 . Reporting summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this paper. Data availability. The electron density reconstructions and final PEC model have been deposited in the Electron Microscopy Data Bank (EMDB) under accession codes EMD-0038, EMD-0039, EMD-0040, EMD-0041 and EMD-0042, and with the Protein Data Bank (PDB) under accession code 6GML. Source data for Figs. 1a, b and 6c, Extended Data Figs. 1a, d-f, 2b-e can be found in Supplementary  Fig. 1 and Supplementary Table 6 .
Extended Data Fig. 1 | Protein preparation and nucleic acid scaffold design. a, Quality of purified proteins used in this study. Purified proteins (0.9 µg) were run on 4-12% SDS-PAGE and stained with Coomassie blue. An asterisk demarcates SPT5 lacking an N-terminal region. b, Nucleic acid scaffold used for RNA extension assays, the 'pause assay scaffold' . Template DNA is coloured in dark blue, non-template DNA is in light blue, and RNA is in red. c, Nucleic acid scaffold used for binding experiments and for cryo-EM analysis, the 'HIV-1 pause scaffold' . Colours are the same as in b. d, SDS-PAGE analysis of fractions obtained from size-exclusion chromatography. The fractions used for cryo-EM analysis are marked. e, Quantification of the RNA extension assays shown in Fig. 1 . The amount of elongated product was measured for each time point. Points are the mean of three independent experiments and error bars represent the standard deviation between experiments. f, Quantification of the RNA extension assays shown in Fig. 6 . The amount of elongated product was measured for each time point. Points are the mean of three independent experiments and error bars represent the standard deviation between experiments.
Extended Data Fig. 3 | Cryo-EM data collection and processing. a, Representative micrograph of data collection for the PEC, shown at a defocus of 2.5 µm. The micrograph is representative of 11,740 micrographs. b, Representative 2D classes of PEC particles. c, Classification tree for data processing. The numbers used to identify each map are shown above the corresponding map.
